ABSTRACT The objective of this project was to quantify the spatial structure for the Colorado potato beetle in a northern region. The study was carried out in 15 sections of 10 ha of commercial potato Þelds and six 1-ha experimental Þelds in New Brunswick between 1999 and 2001 using a 20 by 20-m sampling grid. The sampling sites occupied by adults, expressed as a percentage of sites available for colonization at even distances from the nearest Þeld border, tended to be distributed uniformly across the Þeld area. The study conÞrmed the applicability of the curvilinear relation between beetle incidence and mean density per sample to Canadian insect populations. A signiÞcantly larger proportion of the postdiapausing and prediapausing adult potato beetles was found nearest Þeld borders. This larger proportion of adults was shown to result largely from the greater number of sites (or plants) available for colonization at the outside perimeter of Þelds than at any other distance within the Þelds but also from an accumulation or redistribution of a small percentage of the adults to the Þrst 0 Ð 20 m of the crop along a Þeld border. The ability of the adult potato beetles to extend their presence over most of the Þeld area at the very beginning of the crop season, when their abundance is low, limits the value of perimeter control methods against this pest. However, accumulation of individuals around the perimeter does justify their use for larger Þelds and if control measures are applied up to 20 Ð 40 m from the edge. Spatial dependency was present in only 1Ð7% of the monitoring dates and explained between 0 and 68% of the variation. The generation of distribution maps for site-speciÞc management of the Colorado potato beetle, Leptinotarsa decemlineata (Say), does not seem to be a practical alternative to existing sampling programs.
THE COLORADO POTATO BEETLE, Leptinotarsa decemlineata (Say) , is a spatially aggregated species. Aggregation measures based on mean/variance relations (Harcourt 1963 , Martel et al. 1986 have been conÞrmed by the use of geostatistical measures (Zehnder et al. 1990 , Weisz et al. 1995 , Blom and Fleischer 2001 . The spatial structure of beetle populations in the Þelds studied by Blom and Fleischer (2001) and Blom et al. (2002) in Pennsylvania was very dynamic but did contain consistent and predictable patterns. While spatial dependency is evident, the relative importance of spatial dependency in determining spatial structure is variable (Weisz et al. 1995 , Blom and Fleischer 2001 , Blom et al. 2002 . The highest level of aggregation takes place early in the crop season and decreases as the early instars mature (Martel et al. 1986 ). Egg masses laid by the colonizing adult females are responsible for the initial aggregation. The spatial structure of the population within a potato Þeld is determined in part by the distance of the overwintering sites from the crop (French et al. 1993 , Boiteau 2001 . Fields close to overwintering sites are often initially colonized along their edges. In North Carolina, where colonization of rotated commercial Þelds occurs along Þeld edges or drainage ditches, French et al. (1993) suggested that management tactics could be developed to target these aggregations. In Wisconsin, crop rotation within the pivot irrigation system provides a perfect situation for edge colonization (Hoy et al. 1996) . In Massachusetts (Weber et al. 1994 , Ferro 1995 , attempts to control the beetle as they colonized the edge had only moderate results, suggesting that the beetles have a low residency time at the edge. In New Brunswick, border colonization occurs, but its frequency is unknown.
While trap crops (Milner et al. 1992) , physical barriers (Boiteau et al. 1994) , perimeter application of pesticides, or perimeter usage of vacuums (Vincent and Boiteau 2001) have a role to play in integrated pest management (IPM) programs, their applicability depends largely on the ability of the manager to predict the spatial distribution of the potato beetles in the Þelds. The importance of border or edge effects in pest management is recognized, but capitalizing on this pattern in management depends largely on the frequency of this type of spatial structure and on the width or depth of the crop border. The objective of this project was to quantify the spatial structure for the Colorado potato beetle in a northern region.
Materials and Methods

Sample Location in Field
A sampling grid was laid out over each Þeld monitored. Sampling sites were the corners of each square, and the grids were set out similarly to the layout of the 1-ha square Þeld pictured in Fig. 1 . The Þeld boundary rows and the Þrst or last plant in a row were not used for the counts. The rows containing sampling sites, or sample lines (Fig. 1, A , B, C, etc.), were placed every 21 rows, starting from the second outside rows working in. The sampling sites (Fig. 1, A1 , A2, A3, etc.) within the sample lines were spaced 20 m apart, again starting from either end of the line and working in.
Management and Sampling of Fields
Commercial and experimental Þelds were managed according to the recommended practices for Atlantic Canada (APASCC 1999) . Seed potatoes were spaced 46 cm apart on the row with 0.91 m between rows. None of the Þelds had been planted to potatoes the previous year. The abundance of the potato beetle in the commercial Þelds was managed by the farm managers, but the abundance in the experimental Þelds was allowed to reach higher densities to ensure a wider range of beetle density. The excessive abundance of summer beetles in the experimental Þelds in 2001 caused severe plant defoliation. The data for weeks 7Ð12 were not used in the analysis.
At each sampling site, the number of Colorado potato beetle adults, egg masses, hatched egg masses (no counts of the Þrst-instar larvae in the hatched egg mass), and Þrst-instar (L1), second-instar (L2), thirdinstar (L3), and fourth-instar (L4) larvae were always counted on the same Þrst three consecutive plants down the sample line. At most sampling sites, the defoliation index of 100 plants (4 rows by 25 plants) was also recorded. The defoliation index was always taken from the same corner of the imaginary plot containing the 100 plants within each Þeld (see Fig. 1 ), turning around to do the defoliation assessment if necessary. Each Þeld was monitored once a week starting at 75% or more plant emergence.
Typical plant height in the Þeld, typical canopy closure of the Þeld, and any sprays applied were also recorded. In 1999, there were Þve Þelds or sections of commercial Þelds of Ϸ10 ha near Hartland (Carleton County) and three experimental Þelds of roughly 1 ha at the Potato Research Centre in Fredericton (York County). In 2000 and 2001, there were 10 Þelds or sections of commercial Þelds of Ϸ10 ha and 3 experimental Þelds of 1 ha each year.
Incidence of Colorado Potato Beetle in Relation to Density
The percentages of sampling sites infested with postdiapausing adults, L4 larvae, or prediapausing adults, regardless of density, were calculated for each week for each Þeld. The counts of postdiapausing adults, L4 larvae, or prediapausing adults taken at each sampling site were averaged for each week for each Þeld. These calculations were carried out on scouting data from the 1999 and 2001 commercial Þelds and the 2000 and 2001 experimental Þelds. The beetle abundance in the 2000 commercial Þelds and 1999 experimental Þelds was too low to contribute to the analysis. Data collected on three plants at each site were divided by three and expressed per plant for the analysis.
The percent of infested sampling sites was used as an estimate of the proportion of Þeld area occupied by the Colorado potato beetle and was related to the mean density per plant. A polynomial regression model was used to describe the relation between mean density per plant and infested sampling sites location (SAS/INSIGHT 1998).
Incidence and Abundance of the Colorado Potato Beetle in Relation to Location in the Field
Sampling sites in each Þeld scouted were grouped according to the shortest distance from any Þeld border. For example, the 16 outside sites in Fig. 1 would be grouped as 0 m, the B2, B3, B4, C2, C4, D2, D3, and D4 sites would be grouped as 20 m, and C3 was 40 m from at least one Þeld border. The closest distance between each sampling site and a Þeld border (Þeld roads, woodlands, etc.) was calculated from detailed Þeld maps. It was not uncommon for commercial sampled sites to abut the remaining section of the large commercial Þeld. Those Þelds had only three borders for our purpose. Distribution of Field Sites with Beetles. The percentages of sampling sites available that were infested with at least one postdiapausing adult or prediapausing adult were calculated for each distance from Þeld borders for each week. In this analysis of incidence, the Þrst week corresponds to the Þrst week of plant exposure to colonization by adult beetles. The proportions for each week were averaged over 5 commercial Þelds in 1999, up to 3 experimental Þelds in 2000, and up to 10 commercial Þelds and 3 experimental Þelds in 2001. The relationship between weekly proportion of sites occupied and distance from the Þeld border was described graphically and by a polynomial model. Distribution of Total Adult Counts. Counts of postdiapausing adults, L4 larvae, and prediapausing adults taken at each sampling site were totaled for each week for each Þeld. Data collected on three plants at each site were divided by three and expressed per plant for the analysis. The proportions of the total adult population per week in each Þeld distributed at different distances from the nearest Þeld border were then calculated. The proportions for each week were averaged over 5 commercial Þelds in 1999, 3 experimental Þelds in 2000, and 10 commercial Þelds and 3 experimental Þelds in 2001. Beetle abundance in the 2000 commercial Þelds and 1999 experimental Þelds was too low to contribute to the analysis. The distribution of the total beetle population in relation to distance from the border regardless of the number of sites available for colonization at each distance was described graphically and by a polynomial model.
Field Distribution of Total Adult Counts Adjusted for the Availability of Sites. The total number of beetles per Þeld divided by the total number of sampling sites in the Þeld provided an estimate of the abundance of potato beetles. The abundance at each distance from the border was calculated by multiplying the number of sampling sites at each distance by the estimated Þeldwide density. This predicted number was subtracted from the actual density at each distance. Positive differences represent a border effect independent of the number of sampling sites available at each distance from the border. The positive differences were expressed as a proportion of the adults counted in the whole Þeld. The distribution was represented graphically, and a polynomial model was Þtted to each weekly relation between the adjusted proportion of the total population per sampling site and the shortest distance from a Þeld border.
Spatial Dependence
Spatial dependence is a measure of the likelihood that the values of two samples taken close to each other will be similar. The VARIOGRAM procedure (SAS/STAT 1996) was used to compute sample measures of spatial continuity for two-dimensional spatial data.
Sample variograms were visually compared with a few standard theoretical models (Spherical, Exponential, Gaussian, and Power). If a model could be Þtted, the sill, range, and nugget parameters were graphically estimated. Theoretically, the semivariance is low between samples close together and increases asymptotically as the distance increases. The semivariance of the samples at the origin is called the nugget. A nonzero nugget reßects spatial variability below the minimum distance between samples, experimental error, or both (e.g., poor precision). As the distance between samples increases, the idealized semivariance levels off. The semivariance at which this occurs is known as the sill, which in an idealized variogram is often close to the total sample variance. The difference between the nugget and the sill represents the total amount of sample variance that can be explained by spatial dependence. This proportion of the total variance, Pvar, is calculated by subtracting the value of the nugget from the sill and dividing the result by the sill value. The distance at which the variogram reaches the sill is known as the range, which deÞnes the average distance within which the samples remain spatially correlated.
Results
Incidence of Colorado Potato Beetle in Relation to Density
There was a curvilinear relation between the percentage of the Þeld area occupied by the Colorado potato beetle and its mean density per plant ( A comparison of the postdiapausing adults, prediapausing adults, and large larvae over their entire range of densities using heterogeneity of slope after linear transformation revealed signiÞcant differences between slopes (F ϭ 259; df ϭ 2.00; P Ͻ 0.0001), with the slopes of the regression lines for post-and prediapausing adults not signiÞcantly different (P ϭ 0.3196), but with the slope of the L4 larvae signiÞcantly different from both adult populations (P Ͻ 0.0001).
At a density of Յ0.50 Colorado potato beetles per plant, the relationship was linear for all stages, with a steeper slope for the postdiapausing adults (y ϭ 145.23x ϩ 1.6435; r 2 ϭ 0.9203) than for the prediapausing adults (y ϭ 118.88x ϩ 2.7002; r 2 ϭ 0.9331) or the L4 larvae (y ϭ 58.973x ϩ 1.7324; r 2 ϭ 0.6448) (Fig.  3) . The slopes were heterogeneous (F ϭ 115.87, df ϭ 2, P Ͻ 0.0001), with the slope of the L4 larvae significantly different (P Ͻ 0.0001) from those for adults, but with the slopes of post-and prediapausing adults not signiÞcantly different from each other (P ϭ 0.7591).
Incidence and Abundance of the Colorado Potato Beetle in Relation to Location in the Field
A visual assessment of the data on the seasonal population dynamics of the Colorado potato beetle showed strong and lasting border effects in 5 of the 15 Þelds monitored, short-term edge colonization by spring adults followed by scattered distributions of all life stages in another one-third of the Þelds, and no distinct border in the last one-third of the Þelds. In 2000, the commercial Þelds were treated with Admire (Bayer Inc., Toronto, Ontario) in-furrow. As a result, the abundance of the Colorado potato beetle was low throughout the season (data not shown), making it impossible to detect any signiÞcant changes in spatial distribution except for the accumulation here and there of dead adult beetles close to Þeld edges early in the season, indicating that some edge colonization did occur, although it was counterbalanced by evidence of center colonization.
Distribution of Field Sites with Beetles. The spatial distribution of the areas occupied by postdiapause (weeks 1Ð5) and summer Colorado potato beetle adults, regardless of their density in experimental Þeld sections in 2000 and 2001, was relatively uniform throughout the 40 m distance from the border (Fig. 4) . There was no signiÞcant gradual decline of occupancy over distance except for the Þrst week of 2000 and weeks 4 and 5 of 2001 (Table 1) .
In contrast, the spatial distribution of the areas occupied by these adults in commercial Þeld sections in 1999 and 2001 was highest within the Þrst 40 m and declined thereafter (Fig. 4) . There was a signiÞcant and similar decline of sites occupied by postdiapause beetles for the Þrst 3 wk, decreasing in week 4 in 1 of the 2 yr (Table 1 ). The percentage of occupancy by summer beetles varied in relation to the distance from the Þeld borders but often without any obvious pattern or with a trend toward high occupancy further away from the ÞeldÕs edge (Table 1) (Table 2) .
A similar distribution was observed in the 1999 and 2001 commercial Þelds (Fig. 5) . The percentage of adults counted on the plants was signiÞcantly higher within the Þrst 20 m of the Þeld and lowest toward the Þeld center (Table 2) .
Field Distribution of Total Adult Counts Adjusted for the Availability of Sites. The percentage of total postdiapause and prediapause adult beetle counts accumulating along borders of experimental and commercial Þelds above the estimated average Þeld abundance is relatively small (Fig. 6) . For example, although up to 35% of the total beetle counts in 1999 came from plants in the Þrst 20 m of experimental Þelds (Fig. 5) , Ͻ20% of these counts represented adult beetles accumulating along Þeld borders in numbers higher than expected from a uniform Þeld colonization (Fig. 6 ). The 15% difference between counts simply represents the greater availability of colonization sites along borders. The accumulation of a percentage of the total beetle counts along the border was noted in experimental Þelds, but a signiÞcant and repeated pattern of accumulation declining in function of distance from the border was only recorded for the commercial Þelds (Table 3) .
Spatial Dependence
Populations of Colorado potato beetle in the 15 commercial potato Þelds scouted displayed some level of spatial dependency. By combining all Þelds and weekly observations, 62, 81, and 95 data sets with beetle counts were obtained in 1999, 2000, and 2001, respectively. Data from the 238 data sets were examined for spatial dependency, and correlograms indicating this second-order structure were Þt with nonlinear models. Only 17 of 238, 20 of 179, 2 of 83, 1 of 123, 4 of 166, 5 of 169, and 13 of 185 sets for adults, egg masses, hatched egg masses, and L1, L2, L3, and L4 life stages showed spatial dependency. Of the 17 data sets for adults, 7 covered adult immigration, and 10 spanned the summer population. The proportion of the total variability explained spatially ranged from 0 to 0.57, 0.64, 0.50, 0.59, 0.68, and 0.53 for colonizing adults, egg masses, L2 larvae, L3 larvae, L4 larvae, and prediapause adults, respectively. There were too few data sets where Pvar could be calculated to present a range for hatched egg masses and L1 larvae. The general pattern under our study scale of 20 m between samples was for no spatial dependency among most life stages studied. Considering only data sets resulting in spatial dependency, estimates for the range of spatial dependence varied from 133 to 385 m (39 instances were smaller than 259 m and 23 greater). The range of spatial dependence varied greatly regardless of the life stage.
Discussion
The management of Colorado potato beetle populations has been traditionally based on an economic threshold per plant or per stem. The aggregated nature of the potato beetle life stages is recognized in management programs by indicating that thresholds should be applied taking into consideration border accumulations or random clumping of the insect. These recommendations are based on the assumption that there are cases when a large proportion of the beetle population is distributed over a relatively small percentage of the acreage when it is advantageous economically to apply chemical or alternative control treatments in selected Þeld areas rather than over the entire Þeld.
Over the 3 yr of this study, strong season long border effects were observed in one-third of the Þelds, early and short-lived border effects in another one-third of the Þelds, and no border effects in the last third. It is difÞcult to determine if it would have been economical to manage the beetle population along the borders, even where strong border effects were observed, because what constitutes a border remains to be deÞned.
Incidence of Colorado Potato Beetle in Relation to Density
The relationship developed over 3 yr from data collected in commercial potato Þelds exposed to a range of beetle population levels seems stable and portable across regions. The hyperbolic model developed in Pennsylvania (Blom and Fleischer 2001) pro- vided an excellent trend line for the incidence of postand prediapausing adults or L3 and L4 larvae. As in Pennsylvania, the equations are linear under mean densities of 0.50 adults or L4 larvae per plant, after which the rate of occupancy declines. The linear equation for postdiapausing adults indicates that, on average, a mean density of 0.33 adults per plant in early summer is sufÞcient to ensure that 50% of a potato Þeld is colonized by potato beetles. This is similar to the 0.27 adults per plant calculated in Pennsylvania (Blom and Fleischer 2001) . My data do show that the linear relation between the percent of infested samples and the mean density of postdiapausing (immigrating) adults observed by Blom and Fleischer (2001) does become curvilinear like that for prediapausing adults at higher population abundance. This study shows that the slope of incidence is similar for post-and prediapausing adults but different for L4 larvae. The relationship is very strong for the adult stages but much more variable for the larvae, possibly because of their lack of dispersal capability relative to adults. In Pennsylvania, the slopes of the prediapausing adults and larvae also differed signiÞcantly in the most recent report by Blom et al. (2002) but were not signiÞcantly different from Blom and Fleischer (2001) , perhaps because of the variability in the larval data or because L3 and L4 larvae were pooled. Our data for post-and prediapausing adults suggest that the within-Þeld dispersal of these two geographically different beetle populations is similar. Postdiapausing beetles that have entered a potato Þeld by walking or by ßight can disperse actively in a limited range around their randomly distributed points of entry (Dussy and Grison 1943, Grison 1956 ), leading to a rapid increase of the surface area with beetles. As mean density over the whole Þeld reaches one per plant, the combination of random entry points and moderate dispersal activity soon leads to the occupation of the whole Þeld area. The prediapausing beetles emerge according to the distribution created by the postdiapausing adults and their larvae. It is therefore not unexpected to Þnd a similar incidence pattern for pre-and postdiapausing adult beetles. Blom and Fleischer (2001) and Blom et al. (2002) reported different incidence patterns for these two populations in Pennsylvania. The difference between their conclusions and ours is probably not caused by geographical difference but to the fact that their data were limited to very low densities of postdiapausing beetles that prevented them from describing the nonlinear nature of the incidence pattern of the postdiapausing adults. The within-Þeld and, especially, between-Þelds dispersal activities of prediapausing adults are much less than that for postdiapausing beetles (Alyokhin and Ferro 1999, MacQuarrie and Boiteau 2003) . This would be favorable to the maintenance of the distribution pattern created by the previous population. The incidence patterns for egg masses and L1, L2, and L3 larvae are all similar to that for colonizing adults but shifted in absolute values as a consequence of the clumped nature of the eggs. I suggest that the effect of the clumping is largely eliminated when the surviving L4 larvae that have already dispersed from the egg masses actively disperse down the plants and on the ground surface to pupate. This hypothesis will have to be veriÞed, but it could explain in part why the incidence pattern of prediapausing adults is similar to that for postdiapausing adults.
It seems that the adult Colorado potato beetles and to a lesser extent the L4 larvae of the Colorado potato beetle can distribute themselves over large proportions of potato Þelds even when their population is still at low density. This relationship between mean beetle density and Þeld occupancy does not prevent the accumulation of larger numbers of beetles at the border sites than at the Þeld center but does indicate that this is less likely to occur at high beetle densities.
Incidence and Abundance of the Colorado Potato Beetle in Relation to Location in the Field
The data show that postdiapausing potato beetles, even in the Þrst week of crop availability, tend to occupy the whole crop area. The percentage of sites occupied was uniform over the Þrst 40 m nearest to Þeld borders and tended to decline thereafter. The proportion of the beetleÕs Þeld population declined signiÞcantly with distance from the borders in small and large areas supporting the presence of a border effect. In 1-and 9-ha Þelds, a 20-m border actually represents 64 and 25% of the Þeld area, respectively. If the beetle population is distributed randomly over the Þeld area, one could have expected 64 and 25% of the population in the Þrst 20 m around the 1-and 9-ha Þelds, respectively. On average, we obtained similar or slightly larger percentages (Fig. 5) . Correction of the data for the uneven number of sites available for colonization by the beetles as a function of distance from the Þeld edges conÞrmed that beetles do accumulate at Þeld borders beyond the numbers expected from a random distribution. However, this correction also made it obvious that beetles are present in numbers expected under a random distribution at distances far away from the border even early in the colonization process.
In the case of prediapausing potato beetles, the percentage of sites occupied was initially similar to that for postdiapausing beetles but eventually tended to increase with distance from the Þeld edges. However, the proportion of the prediapausing beetleÕs Þeld population also declined signiÞcantly with distance from the borders in small and large areas, supporting the presence of a border effect. Correction of the data for the uneven number of sites available for colonization by the beetles as a function of distance from the Þeld edges did not, however, conÞrm that beetles accumulate at Þeld borders beyond the numbers expected from a random distribution as it did for postdiapausing beetles. However, this correction also made it obvious that beetles are present in numbers expected under a random distribution at distances far away from the border even early in the colonization process. This study suggests that the frequent sightings of beetles at Þeld edges is largely caused by the perimeter effect coupled to the tendency for colonizing beetles to move from outside the Þeld often by walking into the new crops.
The accumulation of colonizing beetles at the Þeld border depends on a complex integration of many environmental and physiological variables (Boiteau 2001 ) that together ensure that each Þeld is a different case. However, it does seem that the accumulation of beetles along Þeld margins reaches its maximum very early on in the process of colonization. Whenever edge accumulations occurred in this study, they were accompanied by dispersal in the remaining of the Þeld even during the Þrst week of plant exposure to the beetles. In the management of the Colorado potato beetle, it will not be possible to consider preventing the spread of the beetle into the Þeld by controlling it along Þeld borders. It should, however, be possible to use border spraying initially to slow down population build-up, especially in large Þelds where perimeters are relatively small compared with Þeld area. Ferro (1995) showed the need to reapply control measures to border traps because adults keep colonizing Þelds from the outside. This study shows that, even from the start, the population accumulation at the border is extremely transitory and that it is likely that colonization of Þeld centers occurs from the beginning even in the presence of border effects.
The width of the Þeld border area over which the accumulation takes place has been difÞcult to estimate. Narrow borders of 5Ð 6 m have been suggested and tested (Ferro 1995 , Blom et al. 2002 . The narrow borders provided some level of beetle control and yield protection but also resulted in increased population build-up at center Þeld. Blom et al. (2002) suggested that 20-to 30-m borders may be necessary. Our results provide estimates of accumulation beyond that expected from a random distribution of the insects consistently over the Þrst 20 m and frequently up to 80 m.
Spatial Dependence
The spatial dependency of Colorado potato beetle samples in potato Þelds has been studied by Weisz et al. (1995) and Blom and Fleischer (2001) as a necessary background to the mapping of Colorado potato beetle population for site-speciÞc IPM. Blom and Fleischer (2001) and Weisz et al. (1995) , both in Pennsylvania, found spatial dependency ranges of 10 Ð15 and 65 m, respectively. Our data indicate a range of 259 m for New Brunswick populations. As outlined in Blom and Fleischer (2001) , several things may account for this disparity. Field scale was largest in our study, followed by Weisz et al. (1995) and Þnally by Blom and Fleischer (2001) . Sample units consisted of 1-m segments of potato row in Blom and Fleischer (2001) , a full 13.7 m of linear row for Weisz et al. (1995) , and three consecutive plants in this study. Blom and Fleischer (2001) detrended their data before analysis, but Weisz et al. (1995) and this study did not. Weisz et al. (1995) observed spatial dependency in almost all data sets. Blom and Fleischer (2001) rarely observed spatial dependency with postdiapausing adults, but it explained 30 Ð 40% of the variation for large larvae and prediapausing adults. In this study, spatial dependency was 19, observed only in a small percentage of the data sets regardless of the life stage. The differences could have resulted from the different methodologies used to compute the geostatistics but are likely to have resulted from the different sampling methods. It is also possible that the Colorado potato beetle strategy to use the host crop space changes as a function of size with spatial dependency being more obvious in the smaller Þelds. 
